Stabilisation of proximal humerus fractures remains a surgical challenge. Spatial subchondral support (S3) plate promises to overcome common complications associated with conventional proximal humerus plates. This study compared the biomechanical performance of S3 plate with a fixed-angle hybrid blade (Equinoxe Fx) plate and a conventional fixed-angle locking plate (PHILOS). The effects of removal of different S3 plate screws on the humeral stability were also investigated. A total of 20 synthetic left humeri were osteotomised transversely at the surgical neck to simulate a two-part fracture and were each treated with an S3 plate. Head screws were divided into three zones based on their distance from the fracture site. Specimens were divided into four equal groups where one group acted as a control with all screws and three groups had one of the screw zones missing. With humeral head fixed, humeral shaft was first displaced 5 mm in extension, flexion, valgus and varus direction (elastic testing) and then until 30 mm varus displacement (plastic testing). Load-displacement data were recorded to determine construct stiffness in elastic tests and assess specimens' varus stability under plastic testing. Removal of the screw nearest to the fracture site led to a 20.71% drop in mean elastic varus bending stiffness. Removal of the two inferomedial screw above it resulted in a larger drop. The proximal screw pair had the largest contribution to extension and flexion bending stiffness. Varus stiffness of S3 plate constructs was higher than PHILOS and Fx plate constructs. Stability of humeri treated with S3 plate depends on screws' number, orientation and location. Varus stiffness of S3 plate construct (10.54 N/mm) was higher than that of PHILOS (6.61 N/mm) and Fx (7.59 N/mm) plate constructs. We attribute this to S3 plates' thicker cross section, the 135°inclination of its screws with respect to the humeral shaft and the availability of pegs for subchondral support.
Background
Fractures of the proximal humerus are the third most common fractures in the over-65 patient population, and their stable fixation remains a key challenge in orthopaedic and trauma surgery. 1 With the ageing population and increasing cases of osteoporosis, the incidence of proximal humerus fracture is predicted to triple over the next 30 years. 2 While the majority of fracture cases are minimally displaced and can be managed non-operatively to achieve satisfactory outcomes, complex cases require surgical intervention. 3, 4 Open reduction internal fixation using plate and screw has become a well-known treatment modality in the past few decades, especially since the advent of locking technology. PHILOS (Proximal Humerus Internal Locking System; Synthes, Paoli, PA, USA) is one of the widely available proximal humerus fixation plates. It offers insertion of fixed-angle locking screws along multiple directions to enhance structural stability.
Biomechanical studies on locking plates report superior torsion, bending and axial compression stiffness as compared to non-locking plates. [5] [6] [7] Clinical studies, however, reveal complications such as varus collapse along with the penetration of screws into the glenohumeral joint and plate's impingement under the acromion. Spatial subchondral support (S3; Zimmer Biomet, Warsaw, IN, USA) plate was designed with these complications of conventional locking plates in mind. One of the problems with locking screws is that the screw purchase cannot be felt. In combination with the insertion of sharp-threaded screws, this poses a risk of screw penetration into glenohumeral joint. This is particularly accentuated in vivo with varus collapse of the humeral head. Thus, in order to avoid the high-stress concentration in the surrounding bone, the S3 plate offers the insertion of smooth pegs. Due to their hemispherical tips, these pegs can be implanted further along the humeral head and closer to the high-density subchondral bone, with the aim of enhancing bone-screw interface.
The under-surface of the S3 plate is designed to achieve a more distal placement on the humerus than conventional plates such as the PHILOS plate, in order to avoid subacromial impingement. As a result, the angle between its screw and the shaft is 135°which is closer to the natural neck-shaft angle of a normal humerus. In contrast, the proximal-most screws of the PHILOS plate form an angle of 90°with the humeral shaft. S3 plate's distal placement also allows it to have a thicker cross section, making it theoretically stiffer in the varus and valgus loading direction. Varus stability, in particular, is considered to be vital for the overall stability of the humeral head.
The aforementioned design features of the S3 plate both directly and indirectly influence the bone-screw interface, an interface of critical importance with the use of locking plates. Their theoretical biomechanical advantages are yet to be systematically evaluated. In general, although very few clinical studies have performed an in vivo comparison of the S3 plate with another plate, the short-term studies reveal promising results with their use. 8, 9 While complication rate is usually more than 20% for PHILOS plate, Stoddard et al., 9 Charalambous et al. 10 and Su¨dkamp et al. 11 were able to reduce this to only 3.7% with the use of S3 plate. In particular, the rate of screw cutout was reduced. In vitro biomechanical studies on S3 plates are scarce in the literature, whereas the PHILOS plate is widely studied. Furthermore, like the S3 plate, hybrid locking plates such as the Equinoxe Fx plate (Exactech, Inc., Gainesville, FL, USA) have recently been developed. These plates combine the benefits of the locking technology with the buttressing support from blades. While theoretically promising, comparative testing of the biomechanical performance of the S3 plate and the Fx plate is yet to be found in the literature. 12 The aim of this study was to compare the biomechanical effects of different screws of the S3 plates with those obtained for the PHILOS plate and a hybrid blade plate (Equinoxe Fx plate).
Methods
Biomechanical tests were based on a previously established protocol. 13 A total of 20 synthetic left humeri (Model 1028; Sawbones, Vashon, WA, USA) were obtained along with 83 mm left S3 plates. S3 plate's screw holes were categorised into zones based on their positions ( Figure 1 ). Humeri were made of polyurethane foam and had no fracture.
14 They had different foam densities for the cortical and cancellous regions. Length of each screw was selected prior to any trials using a depth gauge to ensure that the screw tips were in contact with the subchondral region of the humerus. The 20 humeri were divided into four groups, with five humeri in each group, each with a different screw configuration. One group was implanted with an S3 plate with all screws to act as the control group S0 (Table 1) . The other three groups had zone 1, zone 2 or zone 3 screws missing (S1-3). Besides these differences, the following specimen preparation and biomechanical loading steps were identical for all specimens.
Humeral head was placed inside a cubic steel mould and rotated such as that its frontal and sagittal planes were aligned with the mould's side walls. Cement mix with a ratio of 4:1:2.5 containing general purpose cement, rapid mix cement and water by volume was poured into the mould. Retort stand and clamps were used to ensure that the humerus remained perpendicular to the mould's base and its anatomical planes correctly aligned.
The setup was left under a room temperature for 48 h to allow the cement mixture to formalise and solidify into a solid block of dimensions 100 mm 3 100 mm 3 100 mm. Section of the humeral head up to 40 mm distal from the humeral head apex was potted inside the block, except the region where the plate was to be inserted. Once solidified, the block was taken out of the mould and two transverse cuts were created 50 and 60 mm distal from the highest point of the humeral head. This was to excise a 10-mm surgical neck bone piece to simulate a two-part fracture. The distal humerus was shortened by performing a through-cut at the humeral shaft, 210 mm distal from the humeral head apex. Humeri were implanted with an S3 plate at the manufacturer's recommended position, 30 mm distal to the greater tuberosity using the standard surgical instruments. 15 The fracture gap was measured again after stabilisation to ensure that it was still 10 mm.
For elastic loading, a cement block was fixed in varus position using a standard clamp (Figure 2) . Displacement was applied perpendicular to the shaft, in a cantilever fashion at a constant distance (120 mm) from the fracture site along the frontal plane, using a semi-cylindrical loader that was connected to a material testing machine (Instron 4500, Canton, MA, USA). Displacement rate of 1 mm/s was set until peak displacement of 5 mm was achieved, after which the actuator was returned to its initial position and the loading was repeated four times. Likewise, specimens were subsequently displaced in the opposite direction in valgus and along sagittal plane to achieve extension and flexion bending. Five tests were performed on individual specimens for each loading condition. From the load-displacement data, constructs' load at 5 mm (F 5 ) and elastic stiffness (K) were determined for each of the four directions. Displacement limit of 5 mm was selected first to ensure that the specimen of all configuration groups remained within their elastic ranges and second because, for varus bending, it induced moments at the fracture site which were within the 0-7.5 N m range. This replicated the supraspinatus forces acting on the construct during early stages of healing under shoulder immobilisation support. [16] [17] [18] It is mechanically equivalent to having humeral immobilisation and a force acting at the supraspinatus insertion site in the varus direction. Varus bending was of particular interest since varus collapse of the humeral head is a commonly reported complication associated with locking plates. In plastic tests, constructs were displaced in a similar manner as the varus elastic tests but at a slower displacement rate of 0.05 mm/s and until a 30 mm displacement was achieved. At the 15 mm displacement mark, an 8-min intermission period was introduced during which the actuator displacement was fixed. Based on trial tests, 30 mm ensured plastic loading of the S3 plate; thus, by performing these tests, constructs' resistance to varus collapse was determined. From the load-displacement data, constructs' loads at 15 mm before (F 15a ) and after (F 15b ) the intermission and at 30 mm displacement (F 30 ) were determined. Failure was defined as the sudden drop in the load-displacement curve.
In order to compare the performance of the S3 plate with the PHILOS and a hybrid locking blade plate, the above specimen preparation and biomechanical testing procedure were repeated for further 45 humeri which were divided into nine equal groups. Five groups were treated with a 90-mm PHILOS plate and the remaining with an Equinoxe Fx plate of length 80 mm ( Figure 1 ). All three plates and their screws and blades were made of stainless steel 316 L (Young's modulus: 193,000 MPa, Poisson's ratio: 0.3). 15, 20 Like the S3 plate, the humeral head screws of these two plates were categorised into zones to form different configurations for each specimen group (P0P4 and F0F3 in Table 1 ).
Using SPSS 22.0 statistical analysis software (IBM, Armonk, NY, USA), statistical analysis of the obtained data was conducted to determine whether the differences between specimen groups' stiffness and load values were statistically significant. This was achieved using a linear mixed model approach while accounting for intra-and inter-subject variability. With the specimens and trials set as the random effects, the fixed effect in the analysis was the screw-based zoning configuration. For the data recorded for the elastic tests, the dependent variables were K and F 5 but for plastic tests, they were F 15a , F 15b and F 30 . Fisher's least significant difference (LSD) multiple comparison based on the least-squared means was used for testing the pairwise difference. The p values less than 0.05 were defined to indicate statistical significance.
Results
For all constructs, the trends for their respective mean peak loads and stiffness values were similar.
Elastic loading
During extension and flexion bending, the mean stiffness of the control group (S0) was higher (10.23/ 12.13 N/mm) than that for S1 (10.13/11.18 N/mm), followed by the S2 (7.86/8.05 N/mm) and S3 (7.20/7.54 N/ mm) configuration groups ( Figures 3 and 4) . Therefore, the removal of zone 3 had the greatest effect on extension and flexion, leading to 29.62% and 37.82% drop in mean stiffness, respectively, as compared to S0. Removal of the zone closest to the fracture site (zone 1) failed to have a statistically significant effect on extension bending stiffness. (Table 2 and Supplementary  file 1) .
Mean valgus and varus bending stiffness for the S0 group were statistically significantly higher (9.80/ 10.54 N/mm) than S1 (9.05/8.36 N/mm), followed by the S3 (7.64/6.82 N/mm) and S2 (6.58/6.50 N/mm) configuration groups. Out of all the zones tested, removal of zone 2 screws had the greatest effect on valgus and varus stability, leading to a 32.88% and 38.36% drop in mean stiffness as compared to the S0 group. From the pairwise comparison, there was a statistically significant difference between peak load values and stiffness of all S3 plate's configuration pairs, except for the S0 and S1 pair in extension (Supplementary files 1-3) .
In contrast to the S3 plate, removal of zone 1 lead to the largest drop in the Fx (F1) and the PHILOS (P1) plate's varus and valgus bending stiffness, followed by zones 2 (F2 and P2), 3 (P3) and 4 (P4). In extension and flexion testing of Fx plate, removal of zone 1 had a larger impact (11.81% and 13.55% drop) on the stiffness than zone 2. On the contrary, removal of zone 2 (P2) in the PHILOS plate lead to the largest drop in the stiffness along these two directions (33.40% and 31.11% drop), followed by zones 3 (P3), 4 (P4) and 1 (P1). Swapping the blade with two inferomedial screws (F3) lead to a 24.46%, 16.62%, 19.49% and 14.14% increase in the mean extension, flexion valgus and varus bending stiffness, respectively.
For the PHILOS and Fx plate, P0 and F3 were configuration groups with highest mean bending stiffness along all four directions (Tables 3 and 4) . S0, the stiffest S3 plate configuration groups, exhibited 7.34%, 21.34%, 60.94% and 59.46% higher mean stiffness than P0 in extension, flexion, valgus and varus bending, respectively. As compared to the Fx plate's F3 configuration, however, S0 had 6.25% lower stiffness in extension but 9.01%, 18.90% and 21.66% higher flexion, valgus and varus stiffness, respectively.
Plastic tests
With a few exceptions, the load trends recorded for the plastic tests among the different configurations were similar to those recorded for elastic varus tests ( Figure  5 ). There was a statistically significant difference between all configuration pairs except for F 30 values between S0 and S1 pair and the F 15a , F 15b and F 30 values of the S2 and S3 configuration group. Similarly, although the mean elastic varus bending peak load F 5 of S0 was over 9 N higher than that of F3, in the plastic tests, their difference in the mean final load F 30 was only over 1 N (Supplementary files 4-6). Apart from the different peak loads, no visible failure (catastrophic collapse, screw pull-out) was observed for any specimen.
Discussion
The S3 plate differs from conventional locking plates in three key aspects: its distal placement on the humerus, its minimal design and option to insert pegs. Their varying degrees of influence, in the light of our results, are discussed in the following sections. Although the PHILOS plate is known for its lowprofile design, especially of its humeral head section, its impingement under the acromion continues to be a common postoperative complication. 21 In their clinical study, Geiger et al. 22 reported cases of subacromial impingement with the use of the PHILOS plate and recommended the plate to be placed more distally. To address this issue, the S3 plate was designed to be implanted 30 mm distal to greater tuberosity, as opposed to 8 mm for the PHILOS plate. 23 Measurement of the angle between the humerus' anatomical neck and its shaft is a common radiological method of assessing its varus stability. Several studies have stated that the normal anatomical neck-shaft angle is approximately 130°-135°. 24, 25 The neck-shaft angle of less than or equal to 100°has been shown to predict failure. 26 Although the use of medial support, especially in the form of inferomedial screws, is a common way of maintaining varus stability and thus the neck-shaft angle, Yewlett et al. 26 and Gardner et al. 27 concluded that it alone does not compensate for poor fracture reduction. Fixed angle locking plates, in general, do not allow for improvement of reduction after locking screws are inserted. Therefore, it is important to obtain anatomical reduction during the surgery. Amidst this, lies the question of whether the angle created by the plate's screws with the humeral shaft needs to be the same as the neck-shaft angle. We were unable to find any study in the literature directly investigating this question. Perhaps, the closest study was that by Fuchs et al. 28 where a 90°blade plate was straightened to 110°-120°and satisfactory clinical outcomes were achieved. Their motive for this change in the angle was to move the blade's entry point to a more distal location so that the subacromial impingement can be avoided and also to allow the blade to enter the central, high-cancellous-bone-density region of the humeral head.
By placing the S3 plate more distally, zone 3 screws formed a 135°angle to the shaft, as opposed to near90°made by the uppermost screws of the PHILOS plate. Dividing the plate into zones and testing the effects of each zone individually allowed us to indirectly investigate the effects of these angles. In the S3 plate, zone 3 screws are located inferior to zone 4 screws but their tips extend more proximally. Removal of S3 plate's zone 3 screws led to a larger drop (35.27%) in its varus stiffness from its control group S0 than the removal of any screw zone did from PHILOS plate's control group P0. This suggests the advantage of the 135°angle over 90°in varus bending. A more controlled investigation, one free from the influence of differing plate and screw design parameters, is required in order to draw more concrete conclusions.
An additional benefit of the S3 plate's distal placement is that it could afford thicker cross section, especially at the fracture site. The superiority of S3 plate' varus and valgus bending stiffness over PHILOS and Fx plate owes partly to this increased thickness. If the plates' cross sections are approximated to be rectangular, a cubic relationship is derived between its thickness and the second moment of area during varus and valgus, as opposed to a linear one for its width. Since all three plates and their screws and blades were made out of the same material (stainless steel 316L), material choice is unlikely to have affected the test results. PHILOS plate is also available in Commercially Pure Titanium (CPTi), a material known to have a lower Young's modulus than stainless steel 316L. 23, 29 Using CPTi plate instead of a stainless steel one may further reduce the stiffness of the PHILOS plate construct.
Stability of locking plates is dependent on its length, cross-sectional area, material properties and the screw density at the fracture site. 30 The latter is defined as the quotient formed by the number of screws inserted and the total number of plate holes and is empirically recommended to be less than 0.4 for simple fractures and less than or equal to 0.5 for comminuted fractures. 31 On one hand, the PHILOS and Fx plates employ nine and seven humeral head screws, respectively, including two inferomedial screws. On the other hand, the S3 plate only allows insertion of up to six screws where only one is inferomedial. This is more in line with the recommendations of Erhardt et al. 32 and Cohen et al. 33 that five humeral head screws should be inserted including at least one inferomedial screw. This, in addition to its smaller contact area with the humeral head, made the S3 plate much more compact than the PHILOS and Fx plates. With its increased thickness, the S3 plate could afford the reduction in the number of head screw holes and without significantly compromising its mechanical integrity. These mechanical advantages of the S3 plate were manifested in this study where the S0 configuration group exhibited 59.48% and 21.66% higher mean bending stiffness in varus bending stiffness than the stiffest configurations of the PHILOS (P0) and Fx plate (F3) groups, respectively. Similar trends were reported for valgus bending stiffness. For extension and flexion loading, the relationship between the constructs' bending stiffness and the contributing factors was relatively complex. Studies on simple biomechanical fractures and specimen cases reveal that less force is needed for the loosening of parallel screws since bi-directional (convergent/divergent) screws have a high area of resistance and thus better bone anchorage. [34] [35] [36] In extension and flexion bending testing of PHILOS plate, the effects of screw orientation along the sagittal plane were found to play a key part in the extension and flexion bending stiffness of the plate. Higher extension and flexion bending stiffness were reported with the insertion of diverging and converging screw along the sagittal plane than those which were nearly parallel to the plate's midline. For the S3 plate, while zone 2 and zone 3 consist of diverging screw pairs, zone 1 has only one screw, which is a centrally aligned one. The S3 plate has only two zones of screw pairs to contribute to extension and flexion stability, whereas the PHILOS plate and the Fx plate had four and three such screw pairs. Despite this, the S0 exhibited 7.34% and 21.34% higher mean extension and flexion bending stiffness than the PHILOS plate. However, when compared to the Fx plate's F3 construct, flexion stiffness was 9.01% higher but extension stiffness was 6.25% lower.
Removal of zone 3 in the S3 plate led to the largest drop in mean stiffness value in extension and flexion (29.62% and 37.82%) when compared to S0 group, followed by S2. There was no statistically significant difference between extension bending stiffness recorded for S0 and S1. As for the PHILOS plate, this relationship between the zones and their extension and flexion bending stiffness can be attributed to the number and orientation of their screws. One may counter this attribution by presenting the example of the Fx plate's single 6.5-mm screw which in terms of screw number and orientation was similar to S3 plate's zone 1. Its removal led to a 7.39% and 5.78% drop in extension and flexion bending stiffness as compared to F0 control group. However, the Fx screw does have a bigger core diameter than S3 plate's zone 1 screw, allowing it to better resist cantilever and bending forces. Beyond the influences of screw geometry, from a mechanical point of view, this indicates that the contribution of each zone on extension and flexion bending stiffness is dependent on its second moment of area. In general, a given zone's second moment of area increases from a single centrally aligned 3.8-mm screw (e.g. S3 plate, zone 1) to a single centrally aligned 6.5-mm screw (e.g. Fx plate, zone 2) to near-parallel screw pair (e.g. PHILOS plate, zone 1) to a divergent/convergent screw pair (S3 plate, zone 2).
The minimal design of the S3 plate does, however, come with problems. First, its relatively small size and high stiffness pose the risk of high-stress concentration, a risk common with 'rigid' implants. 37 A certain degree of plate flexibility of plate movement is advocated, especially for osteoporotic bones in several studies to allow sufficient fragment movements for bone healing. [38] [39] [40] Furthermore, the fewer number of S3 plate's screw holes limits its use for the treatment of more complex humerus fracture, especially given that the direction of the screws cannot be changed in fixed-angle locking devices. PHILOS plate, on the contrary, offers more screw holes, allowing a wider range of directions to serve a wide range of fracture cases. Also, this study only involved simple, idealised two-part fracture. Further testing on reproducible, multiplanar fractures is needed to more clearly see the consequences of this limitation of the S3 plate. Rose et al. 41 tested three-part fractures of the proximal humerus and found that the S3 plates had significantly greater tuberosity movement than the PHILOS plates. This may be because the S3 plate has only two pegs connecting the greater tuberosity with the rest of the head, whereas the PHILOS plate has four.
One of the difficulties associated with the use of locking plate is that it is not possible to know whether the screw is in contact with bone or not. This is because the screw head is locked to the plate and can mislead us into thinking that the fragments are held by the implant when they are potentially at risk of screw cutout and penetration into the glenohumeral joint. Clinically, this effect is particularly noticeable with the varus subsidence of humeral head (poor neck-shaft angle). As a result, screw penetration is one of the most frequent complications reported for locking plates like PHILOS. [42] [43] [44] [45] These complications exist for other fixation devices too especially for the blade plates where there is a 25% risk of penetration. 46 The use of threaded screws in the humeral head has been criticised based on the concerns that their threads could cause high-stress concentration due to their relatively sharp angle. It is feared that this could facilitate the development of cracks especially near the subchondral bone, causing it to cut through the bone. Thus, it is a common surgical practice to keep the screws shorter such that their tips are 5-8 mm clear from the articular surface. This may reduce the risk of chondral breach but it also deprives the screws of the required purchase with the subchondral bone, a region known for high bone quality. 47 In response to this dilemma, S3 plate offers the use of smooth pegs with the aim being that they will better distribute the stress at the bone-screw interface. Thus, in theory, the blunt smooth pegs can be better abutted to subchondral bone surfaces with less concern of bone-thread penetration. Also, since the pegs have larger core diameter and so larger surface area, they ought to offer better mechanical support. 48 The use of bone cement has also been shown to be an effective way of enhancing the bone anchorage of the plate. [49] [50] [51] With the use of cannulated pegs that allow the injection of bone cement, Raphael et al. 52 were able to demonstrate good function.
A biomechanical study by Yamamoto et al. 53 revealed that the S3 plate instrumented with pegs was stronger than PHILOS plate with threaded screws under cyclic cantilever varus bending. However, it was difficult to isolate the exact effect of the smooth pegs since, in their study, not only the plates differed in geometry and position on the humerus but also the smooth pegs were also longer and closer to the subchondral bone. A more controlled study by Schumer et al. 54 involved the testing of construct groups (pegs and threaded) using the same S3 plate with same screw and peg length. No statistically significant difference was reported between the two constructs. In terms of the mechanical benefits of using larger core diameter screws and pegs, these findings partially resonate to our testing of the F3 configuration group where the removal of 6.5-mm-diameter screw had statistically less effect on the varus bending stiffness than the removal of zone 1 screws and blade in F1 and F2.
Due to their dependency on the bone quality, the pegs' advantages or lack thereof for penetration is better investigated on cadaveric specimens. Although cadaveric specimens were not used in this study, the conclusions drawn here are still relevant. This study was based on a study by Huff et al. 55 who reported comparable trends for loads and bending stiffness between cadavers and synthetic bones tested with the S3 and PHILOS plate under the extension, flexion, valgus and varus bending. The main rationale behind using synthetic humeri was to avoid the concern of inherent biologic variability associated with cadaveric humeri. 5, 56 Certain regions of the cadaveric humeri, including the inferomedial region, are known to exhibit high bone quality and thus the screws passing through them are found to be important for mechanical performance of the construct. 27, 47, 57 The synthetic humeri used in this study had the cortical and the cancellous regions each with uniform density. This allowed us to compare the plates and their screw zones, independent of local bone quality variations. Thus, we successfully demonstrated that certain plates (e.g. S3) and screw zones (e.g. zone 2 of S3 plate) were critical for construct's biomechanical performance not only because of the local variations in bone quality, as is commonly reported in the literature, but also due to their design. Further studies on cadaveric specimens are required to determine whether the bone quality variations will make these trends in mechanical performance even more profound.
Conclusion
By dividing the plate into screws zones and testing them one at a time, we were able to isolate their individual contribution to the stability of the bone-plate construct. Extension and flexion stability was found to be mostly dependent on the second moment of area of the screws belonging to the zone of interest and their location with respect to the fracture site. In contrast, varus and valgus stability was dependent on the number of screws in the zone being tested in addition to the crosssectional properties of the plate.
This study successfully demonstrated the superiority of the S3 plate over the conventional locking plate (PHILOS) and hybrid blade plate (Fx), especially in elastic varus bending in a two-part proximal humerus. We attribute this to S3 plate's thicker cross section, the 135°inclination of its screws with respect to the humeral shaft and the options to insert large core diameter smooth pegs. It was also found that zones 2 and 3 are critical for the stability of the S3 plate and should therefore be filled if at all possible. While the effect of the latter has been investigated in the literature, further in vitro studies are required to determine the exact contribution of the first two factors in isolation.
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